ALS is a devastating neurodegenerative disorder with no effective treatment. In the present study, we found that daily doses of lithium, leading to plasma levels ranging from 0.4 to 0.8 mEq/liter, delay disease progression in human patients affected by ALS. None of the patients treated with lithium died during the 15 months of the follow-up, and disease progression was markedly attenuated when compared with age-, disease duration-, and sex-matched control patients treated with riluzole for the same amount of time. In a parallel study on a genetic ALS animal model, the G93A mouse, we found a marked neuroprotection by lithium, which delayed disease onset and duration and augmented the life span. These effects were concomitant with activation of autophagy and an increase in the number of the mitochondria in motor neurons and suppressed reactive astrogliosis. Again, lithium reduced the slow necrosis characterized by mitochondrial vacuolization and increased the number of neurons counted in lamina VII that were severely affected in saline-treated G93A mice. After lithium administration in G93A mice, the number of these neurons was higher even when compared with saline-treated WT. All these mechanisms may contribute to the effects of lithium, and these results offer a promising perspective for the treatment of human patients affected by ALS.
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autophagy ͉ clinical study ͉ G93A mice ͉ morphological analysis A LS is a devastating neurodegenerative disorder with no effective treatment that usually leads to death within 3-5 years from diagnosis (11 months for the bulbar form) (1) . ALS occurrence is primarily (90%) sporadic, while only 10% is familial (fALS). Approximately 20% of fALS are due to mutations of the gene coding for the enzyme copper-zinc superoxidedysmutase (SOD1) (2) . Transgenic mice over expressing the human mutant SOD1 develop a pathology that is very similar to that seen in ALS patients [see supporting information (SI) Text for a comparison]. Studies in animal models or in vitro led to the identification of a variety of alterations in ALS motor neurons (MN) (1, 3, 4) ; however, other cells in the spinal cord besides MN are affected (5) (6) (7) (8) . For instance, a class of interneurons die either before or concomitantly with MN, as found in mice (9, 10) and postulated in humans for Renshaw-like cells (11) . Again, glial cells participate in the deleterious interplay leading to MN degeneration (6) (7) (8) .
After the generation of the SOD1 ALS mouse models, attempts have been made to find effective treatments. However, so far, none of these trials has led to effective clinical outcomes.
Lithium is a compound used as a mood stabilizer, which is neuroprotective in a variety of disease models (12, 13) , such as brain ischemia (14) and kainate toxicity (15) . The ability of lithium to promote autophagy, through the inhibition of the inositol-monophosphatase 1 (16) (17) (18) , together with the protective effects of autophagy in neurodegeneration (19 -22) , prompted us to test the neuroprotective effects of lithium in the G93A ALS mouse model. Based on the promising data, we obtained in mice we quickly moved into a clinical trial, which is now at the end of its second year.
Results
Effects of Lithium on Disease Duration and Survival in G93A Mice.
G93A male mice were treated daily with lithium carbonate (1 mEq/kg, i.p.), starting at 75 days of age. Lithium treatment prolonged the mean survival time from 110.8 Ϯ 5.0 days (n ϭ 20) to 148 Ϯ 4.3 (n ϭ 20, Ϸ36% of the life span of these mice; Fig.  1a ; P Ͻ 0.001) and, most importantly, increased disease duration (from a mean of 9 days to Ͼ38 days, Ͼ300%; Fig. 1b ; P Ͻ 0.05) compared with the G93A mice treated with saline. Even when lithium treatment was started at the onset of motor symptoms, the increase in disease duration was still comparable (data not shown). More specifically, lithium delayed the onset of paralysis and limb adduction (Fig. 1c) and significantly improved additional tests we report in SI Fig. 6 , such as rotarod, grip strength, and stride length.
Effects of Lithium Treatment on Motor Neuron Survival (Lamina IX of
Lumbar and Cervical Spinal Cord and Brainstem Motor Nuclei). These effects were accompanied by a reduced loss of lumbar MN at 90 days of age (SI Fig. 7) . However, at the end of disease (which occurred later following lithium), the number of alpha-MN within lumbar lamina IX of the G93A mice treated with lithium was comparable to that found in the saline-treated mice that had died previously (SI Fig. 8 ). However, even at this stage, we detected a disease modifying effect of lithium. This consisted of (i) preservation of the size of MN (SI Fig. 8 d and e) ; (ii) preservation of MN number and size in those areas [i.e., cervical spinal cord (SI Fig. 9 ) or the nucleus ambiguous (SI Fig. 10 )], which degenerate later compared with lumbar lamina IX (23, 24) ; (iii) decreased astrocytosis ( SI Fig. 11) ; and (iv) decreased alpha-synuclein, ubiquitin, and SOD1 aggregation (see SI Fig. 6 and Discussion in SI Text).
Effects of Lithium Treatment on the Renshaw-Like Cell Area (Lamina VII). Lamina VII contains a larger number of interneurons, defined as Renshaw cells, which form a collateral circuit that inhibits MN (25) . Renshaw neurons are defined by electrophysiological properties but typically stain for gephyrin and calbindin 28k. Therefore, we used the term Renshaw-like neurons to refer to these cells. We focused on these neurons based on findings by Martin et al. (9) , who showed that, in G93A mice, interneurons begin to die before MN; further, pioneer electrophysiological studies suggested an early impairment of Renshaw cells in ALS patients (11) . We found that neurons within lamina VII of G93A mice were severely decreased (more than MN, 50% loss, from 36 Ϯ 2.97 to 18.53 Ϯ 1.84; Fig. 2 a and b) . Remarkably, lithium administration led to an increase in the number of these neurons, which became more abundant even when compared with control mice (131% and 100%, respectively). This net increase in neuron number occurred only when lithium was administered to G93A mice; no such effect occurs in WT (Fig. 2b) . All of the staining procedures performed to visualize these neurons within lamina VII confirmed these results: H&E (131% of controls), gephyrin (137% of controls; Fig. 2 c and d) , NeuN (132% of controls; SI Fig. 12 a and b) and calbindin 28k (126% of controls; SI Fig. 13  a and b) . Immunoblotting confirmed all these staining ( Fig. 2e and SI Figs. 7c and 13c) . Moreover, the procedure of BrdU incorporation at immunofluorescence (SI Fig. 14) and by using ImmunoGold TEM (SI Fig. 15 ) confirmed the increase in calbindin 28k positive neurons in lamina VII. This is summarized in SI Fig. 16 . The increase in neuron number produced by lithium in the spinal cord is disease dependent, because it did not occur in WT. Lithium is known to produce neurogenesis in physiological conditions in the hippocampus (26) but not in the spinal cord. However, in the absence of lithium, occurrence of neuronogenesis in the spinal cord of G93A mice is uncertain, and, when occurring (27) , it does not produce a net increase in neuron number compared with controls. In the present study, we combined lithium administration with the ongoing disease state. This combination may be necessary to enhance the neurogenetic effects, leading to a robust increase in the number of neurons (see Discussion in SI Text).
Lithium Treatment Rescues Spinal Cord Mitochondria and Facilitates
the Clearance of Alpha-Synuclein, Ubiquitin, and SOD1. In ALS, alpha-synuclein and ubiquitin accumulate in affected neurons (9, (28) (29) (30) . Lithium treatment reduces the accumulation of alphasynuclein in both MN of lamina IX (SI Fig. 17a ) and in neurons of lamina VII (SI Fig. 17 b and c) . Similarly, lithium reduces ubiquitin (SI Figs. 18 and 19) , and SOD1 aggregates in MN (SI Fig. 20) .
In G93A mice, MN undergo vacuolization, a process defined as ''slow necrosis'' (9), in whichthey appear to be filled with vacuoles (4, 9) due to mitochondrial swelling ( Fig. 3 and SI Figs. 8 and 21 ). Lithium decreases vacuolization (Fig. 3f and h and SI Fig. 21) and (31) . This is very encouraging, considering that the loss of mitochondria may be a risk for drugs acting as autophagy enhancers.
Lithium Increases the Number of Autophagic Vacuoles. At the ultrastructural level, we found degenerating mitochondria within authophagic vacuoles and whorl-like autophagosomes within G93A MN (Fig. 4) . This led us to explore the hypothesis that lithium may improve MN survival by activating autophagy (18) . We stained spinal cord samples with monodansylcadaverine (MDC), a fluorescent dye that incorporates selectively into autophagolysosomes (32) . When lithium was administered, there was a marked increase in autophagy vacuoles as confirmed by ImmunoGold-conjugated autophagy markers, such as beclin or the microtubule-associated protein 1 light chain 3 (LC3) (Fig. 4 e and f ). In fact, the number of beclin and LC3 positive vacuoles was increased by lithium ( Fig. 4 g and h) . This effect was confirmed by counting autophagosomes in SH-SY5Y cells stably transfected with LC3 (33) . By counting these markers and the vacuoles detected at phase contrast, we found that lithium and rapamycin (used as a positive control for autophagy) increased vacuoles formation (Fig. 4 i-l, arrows) and GFP-LC3 fluorescence (Fig. 4 m- Fig. 24 a-f) . 3-MA alone (5 mM for 2 h) increased G93A MN death by 58% compared with NT G93A MN and by 51% compared with lithium-treated G93A MN (SI Fig. 24g ). Moreover, 3-MA treatment significantly increased SMI32-positive MN death in cultures from G93A compared with WT, thus supporting a vulnerability of the autophagy pathway in ALS degeneration (SI Fig. 24g ). When 3-MA was given 2 h before lithium treatment (18 h, 1 mM), the latter could no longer counteract the effects of 3-MA, confirming that lithium neuroprotection occurs, at least partially, through an autophagic route (SI Fig. 24g ). As found in vivo, lithium administration (18 h) increased gephyrin-positive G93A neurons dose-dependently up to 136% (SI Fig. 24j ). We further tested the protective effects of lithium against kainate, because G93A MN are highly vulnerable to excitotoxicity (37) , which is also a mechanism involved in the neurodegeneration of ALS (1). Lithium (1 mM) given 20 min before kainate (100 M 15 min) fully protected G93A SMI32-positive neurons (SI Fig. 25 a and b) .
SMI32-positive neurons after drug treatment compared with NT cultures (SI
Clinical Trial. The previous results led us to translate the use of lithium carbonate to human patients affected by ALS. Recruitment began in October 2005. Typically, compliance was high or moderate for most individuals. There were no significant differences in demographic variables between groups (mean age and standard error in the treated group, 66.9 Ϯ 1.9 vs. 70.3 Ϯ 1.6 years; mean age at the ALS onset, 63.8 Ϯ 1.7 vs. 67.1 Ϯ 1.7). Similar baseline values between groups for ALSFRS-R scale, Norris scale, forced vital capacity (FVC), and Medical Research Council were selected.
When we measured the progression of the disability score in the group treated with lithium, ANOVA test for repeated measures did not show any statistical difference according to the Norris scale (basal value, 79.4 Ϯ 2.8; final value, 71.0 Ϯ 3.9; Fig.  5a ) and ALSFRS-R scale (basal value, 39.9 Ϯ 1.2; final value, 34.3 Ϯ 2.3; Fig. 5b) . Remarkably, all patients treated with lithium were alive at the end of the study. By contrast, in the group receiving riluzole only, 29% of subjects did not survive (Fig. 5c) . This difference was significant at 12 and 15 months.
Assessment of disease progression with objective measurements such as the pulmonary function (FVC) provided similar data. In fact, FVC did not progress significantly (basal value, 89.0 Ϯ 2.6; final value, 74.9 Ϯ 3.6; Fig. 5d These data indicate that subjects receiving lithium progressed very slowly in the disease during the 15 months of the follow-up. By contrast, in patients receiving only riluzole, the Norris scale significantly decreased (86.6 Ϯ 2.1 vs. 55.3 Ϯ 3.2, P Ͻ 0.01), starting from the 3rd month (P Ͻ 0.05) (Fig. 5a) . Similar results were found for ALSFRS-R score, which significantly decreased (P Ͻ 0.01) (basal value, 40.2 Ϯ 0.8; final value, 24.2 Ϯ 1.8; Fig.  5b) ; again, this decrease was already significant at the first 3 months scoring interval (P Ͻ 0.05). Also FVC significantly decreased from 91.0 Ϯ 1.9 to 58.0 Ϯ 3.0, P Ͻ 0.01 (Fig. 5d) .
Similar results were obtained for the MRC scale (140.7 Ϯ 1.2 vs. 92.0 Ϯ 5.3, P Ͻ 0.01), starting from the 6th month (P Ͻ 0.05) (Fig. 5e) .
When we compared the groups at the end of the follow up, the mean decrement in the normalized Norris score was 46.1% in patients receiving riluzole only and 10.6% in those receiving lithium. Likewise, the decrease was more marked with respect to the baseline in the normalized ALSFRS-R in patients receiving riluzole only compared with lithium (39.8% vs. 14.3%). This was comparable for MRC, which decreased by 34.6% and 18.0%, in riluzole only-and lithium-treated patients, respectively.
In the Fig. 5f the FVC breakdown between lithium-and riluzole-treated patients is shown, and in Fig. 5g this is further detailed for the bulbar form of the disease. 5 . Effects of lithium treatment on disease symptom progression and survival in patients with ALS. (a, b, d , and e) Symptoms progression (evaluated every 3 months) in controls (riluzole-treated) and treated patients (lithium plus riluzole-treated patients) expressed as raw data, using the Norris (a) and ALSFRS-R (b) rating scales and FVC (d) and MRC (e). There was no significant progression in the lithium-treated patients at any time interval apart from the last two evaluations using the MRC scale. In the riluzole-treated patients, symptoms progressed significantly starting at 3 or 6 months (depending on the scale). (c) Survival curve as normalized data shows the percentage of patients surviving over the 15 months of treatment in the riluzole and lithium groups. None of the patients died in the lithium-treated group; however, in the control group, although the patients had comparable disease severity at enrollment, Ϸ30% died. Intra-and intergroup analyses were performed by unpaired t test or ANOVA followed by the Bonferroni post hoc test. ( f) Shows the breakdown between treated and control patients for FVC. (g) Shows the breakdown between groups for FVC (calculated at 1 month before death) in those patients affected by the bulbar form.
* , P Ͻ 0.05, ** , P Ͻ 0.01 compared with baseline value. #, P Ͻ 0.05; ##, P Ͻ 0.01 compared with control patients. 
Discussion
Our study indicates that lithium delays ALS progression in human patients. In fact, all subjects treated with lithium were alive at the end of the follow up (15 months), and their quality of life, as measured by SF-36, was not modified. By contrast, Ϸ30% of the patients receiving riluzole died during the study. The decreases we observed in the ALS-FRS-R and Norris scales were not statistically significant in the group treated with lithium. The delay in disease progression was also assessed more objectively by quantitative measurement of the muscle strength (by the MRC scale) and the preservation of the pulmonary function (by FVC). By contrast, the disease progressed markedly in the control group from the 3rd month of evaluation. The analysis in the G93A mice showed that lithium delayed cell death within lamina IX and cranial MN while it increased the number of lamina VII Renshaw-like neurons above control values. In addition, lithium decreased reactive gliosis, rescued spinal cord mitochondria, and produced a marked regression of alpha-synuclein, ubiquitin, and SOD1 aggregates. This latter finding suggests that an increased removal of the mutated SOD1 may contribute to the improvement we observed in G93A mice. Thus, lithium affects multiple targets, all of which are likely to contribute to the improvement of ALS.
Although not yet explored, numerous data associate autophagy with ALS. Apart from the autophagy impairment we found in the SOD1 model, another form of fALS, which is characterized by a mutation of dynein (38) , likely depends on autophagy failure. In fact, now we know that dynein is critical for delivering the autophagosomes to lysosome to remove protein aggregates (22) . In keeping with this observation, mutations in the dynein gene cause an autophagy impairment and reduce the clearance of aggregates (39) . Another point mutation in the gene coding for dynactin, which participates in the dynamic of phagosomes, is responsible of fALS (40) . Another form of fALS is caused by a mutation in the ALS 2 gene, i.e., the protein alsin (41) , which is implicated in endosome trafficking. Interestingly, SOD1 is degraded by the autophagy pathway (42) .
Thus, a convergence of different etiologies to produce an impairment of the endosomal-lysosomal autophagy pathway in producing MN disease is plausible. This pathway is strongly regulated by IP3 levels, which acts as an endogenous autophagy inhibitor, whereas lithium, by blocking IP3 activity, is a strong promoter of autophagy (18, 43) , as confirmed in the present study at the level of the MN in vivo. Again, in primary MN cell cultures, we observed that lithium promoted autophagy at doses (1 mM) corresponding to those necessary to inhibit the IP3 turn-over (16, 17) , whereas increasing the dose of lithium up to 2-3 mM (thus recruiting the inhibitory activity on GSK3 beta) produced a dramatic increase in cell adhesion. A defective endosomal-lysosomal autophagy pathway (due to either a primary defect in this pathway or dysfunctional mitochondria) could be the common denominator in various forms of ALS. Increasing autophagy to induce neuroprotection was recently fostered by Rubinsztein (44) , who discussed the issue of the risk of decreasing mitochondria as a side-effect. In the present study, we demonstrate that lithium, although it increases autophagy, concomitantly produces a marked increase in the number of newly formed undamaged mitochondria. These effects, together with an increase in the number of neurons in lamina VII, may underlie the neuroprotective effects of lithium in the mouse model. A slight protective effect of lithium was recently described by Shin et al. in G93A mice (51) . In this article, high doses of the compound were used, which may lead to additional effects (some of which may be detrimental for MN; see above). In fact, in their study, despite a delayed disease onset, the duration of disease was shortened by lithium administration.
At the same time, focusing only on autophagy may be misleading given the multiple targets we found in the present work. For instance, the suppression of glial cells activation we demonstrated in the spinal cord of lithium-treated G93A mice may be critical in view of the recent reports of the detrimental role of glia on MN survival (6) (7) (8) . This point is addressed further in Discussion in SI Text, which also provides a multifaceted perspective on the potential mechanisms underlying the effects produced by lithium in ALS. Clinical Trial. Study design and patients. We conducted a 15-month parallelgroup randomized study of adults with ALS, diagnosed according to the El Escorial revised diagnostic criteria (47) , with a disease duration of Ͻ5 years.
Materials and Methods

Genetic
The study protocol was approved by the Neuromed IRCCS Ethical Committee, and all subjects provided written informed consent. Initial statistical analysis determined that at least 40 subjects were needed to determine, with a 95% confidence interval, a survival increase Ͼ6 months.
The present study was performed on 44 patients (20 male and 24 female). No familial case was present. Eleven patients presented the bulbar form of the disease, and the remaining presented the classic onset. Sixteen patients (eight male and eight female, four of whom had the bulbar form) were randomly selected to receive riluzole (Rilutek 50 mg, 1 tablet ϫ 2/day) plus lithium (Carbolithium; two daily 150-mg doses of lithium carbonate), and the remaining (12 male and 16 female, 7 of whom had the bulbar form) received riluzole only (48) . In this way, we carefully matched lithium-treated and control patients for bulbar forms and FVC at the time of their inclusion in the study. In particular, the FVC values were 89 Ϯ 10 and 91 Ϯ 10 for lithium-treated and control patients, respectively. Again, the bulbar forms were distributed similarly between the groups (4/16 ϭ 25%) in the treated group and (7/22 ϭ 32%) for controls. One physician was not blind to group assignment; however, clinical evaluation, measurement of FVC, and data analysis were conducted by other physicians who were blind to group identities (single-blind study). In this way, the first physician was able to monitor lithium concentration and to adjust the daily dose from 300 mg up to 450 mg daily when lithium plasma levels were Ͻ0.4 mEq/liter. In fact, the daily dose was selected to reach a plasma range of 0.4 -0.8 mEq/liter.
Compliance and adverse effects were monitored throughout the study period. Subjects were assessed six times (at baseline and every 3 months for 15 months). The primary endpoint of the present study was the survival rate. The secondary outcomes measured changes in global function, as scored by the ALSFRS-R (49), a widely used and extensively validated functional scale for ALS (normal score, 48); and by the Norris ALS scale. This disability score includes evaluation of the functioning of upper and lower limbs, also taking into account bulbar function. This score uses 34 items rated with a value from 0 to 3, and the normal score is 100. Quality of life (SF-36) (50) was also evaluated. In parallel, we assessed the disease progression with more objective measures, such as quantitative segmental muscle strength (by the MRC scale) and the pulmonary function (FVC). The use of these combined approaches is very useful in small brief clinical trials (see Discussion in SI Text for a comparison of reliability between different scales). Data analysis. The case analysis used all subjects who entered in the protocol study. Statistical analysis included a descriptive analysis of each group's data.
Kolmogorov-Smirnov test of normality was nonsignificant for all variables. Measures were compared every 3 months with respect to the baseline condition, using an ANOVA for repeated measures. Comparisons between the two groups' mean scores were made by using the unpaired t test and, if necessary, ANOVA, with Bonferroni as post hoc test. Survival analysis was performed by the Kaplan-Meier curve. The null hypothesis was rejected when P Յ 0.05 for all tests. Statistical analyses were performed by using MedCalc software (version 9.3.6.0). See Methods in SI Text for the detailed methods of the basic study.
